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Abstract

The combined application of radiotherapy and immunotherapy shows a synergistic effect in tumor
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control, and the timing of radiotherapy is a key factor determining the therapeutic efficacy. Based
on the tumor dynamics model of the synergistic effect of radiotherapy and immunotherapy, this paper
constructs two optimal control models with the goals of minimizing the total tumor volume and
maximizing the survival time. We quantitatively analyze the influence of the start time of the first
fraction and the interval between fractions on the treatment effect. The numerical results show that
initiating the first fraction as early as possible and minimizing the interfraction interval can signif-
icantly improve the overall efficacy of the combined treatment. Moreover, the sensitivity analysis
results indicate that the impact of the start time of the first fraction on tumor control is significantly
higher than that of the interfraction interval.
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Figure 1. The experimental process of the combined application of radiotherapy

and immunotherapy
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Figure 2. The interaction of cells in radiotherapy and immunotherapy

B 2. mfr 5% &ialr P amsE e

DOI: 10.12677/aam.2026.157322 281 I3RS


https://doi.org/10.12677/aam.2026.157322

g, HRri

REETT 77 % F BN C (t) « FET-FHORIZNME D (t) « BEHRAN T 4000 N (t) FIE 42 T 40 1 (t) 9
B ARG R [13] 6

(1) FRUT SRS, ARUIOTIRZIaH8t, &, fFtet Ht>t, B, Hdg N REinsT
FEAGEEF 1], by 200 B 5 G 28 40 G A2 40 B 72 5 72

dc
—= uC - fCN - fCI 1)

MR ERIETAAY  EAREE T AR

dD: fCN+f,Cl - CD , )

%‘,—4
o TSR B 4 A

dN
AR F(t-t)p . 3)
T 9 Ao AR T A
dl i
= AN - g, +F((t—tl)—r)¢, 4)

dt ANl i e
S TTE Ty e

Hob, p AR BRAERE £, 08 T IO R AN AT R D5 35 ¢ J9SET R0 A1 BT B ¢
y VBRI T QMR E R s A N RALHTRIE T Ao s T 4IRA0IE=; g,, g, N T 40
K ERFEIRESR; p, ¢ NIRRT RIVREEEE S « NIERI RS O (B0 5~9 h); TBUHA S %
LT BRI

F(t)=tanh(t), t=>0.

FETBITIR Z0 t =), BRUCIROT 7 A R ke 3% 05 28023 12 4 5 R (4 B RO A5 20 BOE L LQ AL [14]F

-
C(t)=e“" po? C(t), (5)
D(t)=(1-e " )-c(t)+ (1), (6)
N () = e N (1), @)
H(E)=1(t"), ®)

Ho, o 5 B9 LQ BB IS4, 43 5 F 56 2R 18 A 1 40 i 2 P A5 45 R — AR A TR R 3
(2) X TAL o -PD-L1 25, RiZHiE C (t) LLASET iR 4HAE D (t) A% 2 5 FR (1)) B TRA TR
I7 BT S () e e W A 11, T AT RR )4 i F (-t ) F((t—ti)—r)ﬁf@f’ﬁﬂﬂo BB, N (1) A1 (t)
I3 1 T TR AB TE A
N_ N - N - N, ©9)
A rman SO A
di

AN 4N = g,l (10)
t U\N%{JC Q&)ﬁzﬁ

(3) XFFXTIELH, H T AN B8 G B A B P % T3 8, ) AR 4 L A B T A P R R L 3 A2 T 3 0 24 T

e
dc
—= uC (11)
dt
HESS

DOI: 10.12677/aam.2026.157322 282 I3RS


https://doi.org/10.12677/aam.2026.157322

A, PR

®__ . (12)

dt e

BET- LI R

T HERIE, 4 x(t)=(C,D,N, 1), FEKITTEL)~(4)F(E)~(8)fE TN

dc
dt
dD fl(x’t)
oy | dt || f(xt) | .
x(t) = o | fz(X,t) 2 f(xt)
dt f, (x.t)
dl
dt
c(t) eds 9 9 0 c(t)
(i) = D(t")| |1-ews® 1 o ofD(t) £ sx(t)
IN(E) 0 0 e« of N(t) |
1 (t) o0 0 1))

e f(xt), G(xat), fot). f,(x.t) 2B ~@) AR

KP4l W4 x(t)=(C,D)", I (11)~(12)fE N
dc
sy | dt | _(HC) _(# O)(Chan.
o] (5o 5o
dt

3. RLEFIHRE

fE FR SIS IS AR, S iByT AR (] [ e N 58 12 K, BRHRJBUT RIE R €8 10 Gy, A SO E XK
I7 I 18] 5 23 T80T T )R] TR B AR A R P S AR &, 3 N b, ATt o N THPRE SN PR RIAS 5] 1) H b oR B
SLAF L Y g DI04 ) i)«

(1) s AR B ML

e AR R e /N TR R, BILESR S8 I [A] ¢, N I RIS TG I SR B b, R, 3145 ¢, ISP 2R
FEEMFRV (ta ) BAME, HAV (1) = C(tha )+ D (the ) o AR

(MOCR)) teripsv (trax)
X(t)=Px(t),0<t <t
x(t)=f(xt), t=t; At <t<t.

styx(t)=sx(t7).t=t
x(0)=%,
X(timmu)_ Ximmu’
t0 S tstar < tmax
t, <t, <t

HA, % (0)=(T000)" X = (K (G ): Nou Ig ) RAS BRIP4 5 b, 4B B YT D 1,

DOI: 10.12677/aam.2026.157322 283 I3RS


https://doi.org/10.12677/aam.2026.157322

g, HRri

I ETRF tg, t 27 BT IR T AR t ) R 5.
I8 ( MOCP, )y [# & 2% 31 ) %1 ) Mayer B s L i il 7

(2) A=AFR a] i KAk

B A RE BRI FHE Vo I, 2 FBUNRAISET . A, AEAFI [ 5 R A 1A B IR«

%

BIEMPAE R 5, RV (1, ) BVTEFIBELV, o FOTIA ) AL, HEof
V

(taap ) = C (tuop )+ D (tugp ) - FeicHiIclI T

(MOCP,) tsn,l?éts“’p
X(t)=PX(t),0<t <ty
X(t)=f(xt), t=t) Kt <t<te

stax(t)=sx(t),t=t
%(0)=x,
X(timmu): lemu7
v (tstop ) :Vmax !
t0 < tstar Stma>< !
t, <t <t

Ii] 2 MOCP, ) Jy FL A £ by £ TR 4 IR 1) 5 047 1 1 A

4. BUEERSTR
4.1 WELR

AR FABGE K FIE[15]-[17], MR R, « t Tk, o, WRAESCHR[13], 3h )15 Y
SHENE 1, JFt, =15, t,=1, t,=30, t, =40, V,, =5000mm°®.

Table 1. System resulting data of standard experiment
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u 0.23 mm?3.day
a 0.0229 Gy™*
B 0.0114 Gy?
f, 0.0107 CLday !
f, 0.0110 Cl-day!
Y 0.0097 C-day !
¢ 0.0087 mmé-day 1
P 1.05 C
2 0.0107 C-day!
¢ 1.02 C
9 0.5613 C-day !
9, 0.1000 C-day !
T 5 days
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Table 2. The optimization result of the problem (MOCP1)
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Table 3. The optimization result of the problem (MOCP>)
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Figure 3. The graph of the total tumor volume under the optimal strategy of this article. The vertical

lines represent the moment of single radiotherapy, the vertical dotted lines represent the start time
of immunotherapy, the vertical dashed lines represent t_ , and the horizontal dashed lines represent
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Figure 4. Comparison of the overall tumor volume curves for the four treatment regimens. The vertical
lines represent the moment of single radiotherapy, and the vertical dashed lines represent the start time
of immunotherapy
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Figure 5. The total tumor volume on the 40th day at different sampling points of (t,,, , t,). Each colored
point represents a group of randomly sampled treatment plans. The bluer the color, the smaller the total
tumor volume on the 40th day for the parameter value represented by that color; the redder the color, the
larger the total tumor volume
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Figure 6. The changes in survival time at different sampling points of (t,, , t ). Each colored point
represents a group of randomly sampled treatment plans. The redder the color, the longer the time it takes
to reach the threshold, indicating better efficacy; the bluer the color, the shorter the time it takes to reach
the threshold, indicating poorer efficacy
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SR R AR AR ¢ R BT 2(PRCC), 7EBUEE Bl A 23 % SRS 2t 5t AT & /U Ao 1)
B(MOCP) 1t 5t (AR BURMES TS RILE 4. %k 4 WTULEH, BNRELER PRCC 4414
0.9777 5 0.7628, HWEWIE p T %, ¥WRICHEZIERACME, B2t 5t @WK, RA&M
AR EIGR, X5 1 (MOCP) KR 45 RAHTT . WTLAER ) t, 1 PRCC RECK Tt 1, Bty
BB RE Tt SE s YT U YE P R 3% . PRCC USSP B0 45 R 6] 7, 4 FE A& > 50 I, t,,,, ) PRCC
FsETE 0.97 3 0.98 ZJH]; MFEAR > 2000, t I PRCC RUEE 0.77 A7, ASSCRHA 1000 ALFEAS T
3T, PN PREEAS B SRT FR R RE A B /T 1000, 156 PRCC B TCHlAE iR 2 .

5] B(MOCP2) 1 t,,,, 5 t, I R BURME T4 R4 5. & 5 TR, WA REAE PRCC 4
N—-0.7992 5-0.1203, H R ERIME p <107, BRI NEZE AmAHHE, B4t 5t ZHH K,
AAFIT TR ERAT , 1X 5 ) B(MOCP) AR AL SS FAHTT . [FIFEHL, ATBH A H t,, 1 PRCC REUVNT 1, t,
S A AP A R aR S, UL t,, MBUREZ =Tt . PRCC WSIPEMIRE IR 45 a1 8, MFEAE >50
i, ty, M PRCC AETE-0.80, Wzl MFEAR >5001f, t /) PRCC ZBILEE-0.11~-0.13 Z 7],
I ) J e R A 100,000 ZEFEASTT &40 AT, PRSI SR AR USRI RE A &30 /)T 100,000, 1iBH PRCC
ETCHIFE R Z
Table 4. The global sensitivity analysis results of the problem (MOCP31)

% 4. [BIFE(MOCP.) 2 BEUBM DT R

YA PRCC p 2
tar 0.9777 0.0000e+00 b
t, 0.7628 0.0000e+00 ok

e WEMEARL: ***p<0.001.

Table 5. The global sensitivity analysis results of the problem (MOCP-)
= 5. [B]@(MOCP) £ FE R 45 R

YR PRCC p e s
Lor -0.7992 0.0000e+00 sk
t, -0.1203 0.0000e+00 ok

HE: EEMERRL: ***p<0.001.
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Figure 7. Convergence analysis of PRCC for the problem (MOCP1)
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